This paper proposes an alternative pile failure mechanism in liquefiable deposits during earthquakes. This failure mechanism, based on pile buckling, is formulated by back analysing 15 case histories of pile foundation performance during earthquakes and verified using dynamic centrifuge tests. A new parameter, the slenderness ratio of a pile is introduced to classify pile performance in liquefiable soils. This parameter fits very well the reported case histories and the centrifuge test results.
INTRODUCTION
There has been confusion among engineers about the mechanism of pile failure following the collapse of some piled foundations during the 1995 Kobe earthquake.
The failure modes of piles observed were quite similar to the observations after earlier earthquakes e.g. the 1964 Niigata earthquake. The current understanding of pile failure is as follows. Soil liquefies, losing its shear strength, causing it to flow taking with it any overlying non-liquefied crust. These soil layers drag the pile with them, causing a bending failure. This is often referred to as failure due to lateral spreading.
In terms of soil pile interaction, the current mechanism of failure assumes that the soil pushes the pile. The Japanese Highway code of practice (JRA 1996) has codified this concept.
While this mechanism appears plausible, this paper proposes a different pile failure mechanism, which focuses on the slenderness of piles. The loss of support from the surrounding liquefied soil can cause a pile to become unstable under axial load, provided the slenderness ratio of the pile in the unsupported zone exceeds a critical value. This instability can cause the pile to buckle sideways, eventually causing a plastic hinge in the pile. In terms of soil-pile interaction, the proposed mechanism assumes that, during instability, the pile pushes the soil. In this paper, this hypothesis of pile failure has been investigated by back analysing 15 foundation performance during past earthquakes and carrying out four dynamic centrifuge tests.
STUDY OF CASE HISTORIES
Structurally, axially loaded piles are long slender columns with lateral support from the surrounding soil. If unsupported, these columns will fail in buckling instability
and not due to crushing of the material. Fig 1 shows the length and diameter of tubular piles used in different projects around the world after Bond (1989) . The figure shows that piles normally have ratios of length to diameter of 25 to 100. In this paper we will introduce the parameter r min (minimum radius of gyration) to analyse the piles in the reported case histories and centrifuge tests. This parameter can represent piles of any shape (square, tubular or circular) and is used by structural engineers for studying buckling instability. figure 2 has been adopted from column stability theory and is chosen to normalise the different boundary conditions of pile tip and pile head. L eff is also familiar as the "Euler's buckling length" of a strut pinned at both ends. In practice, designers may prefer to adjust effective length slightly to account for imperfect fixity, especially in reinforced concrete; e.g Tomlinson (1977).
2. r min = minimum radius of gyration of the pile.
3. Slenderness ratio of the pile in liquefiable region, L eff /r min. 4 . Allowable load on the pile, P, based on conventional design procedures, with no allowance for liquefaction. 
6. Axial stress σ in the pile, calculated by dividing P by the cross-sectional area of the pile, A. The value at failure is written as σ f .
A sample calculation of a particular case history is given in Appendix 2. Figure 3 shows the effective length of the piles in a liquefiable zone plotted against the r min of the pile section. A line representing a slenderness ratio (L eff /r min ) of 50 is drawn and it distinguishes poor performance piles from the good ones. This line is of some significance in structural engineering, as it is often used to distinguish between "long"
and "short" columns. Columns having slenderness ratios below 50 are expected to fail in crushing whereas those above 50 are expected to fail in buckling instability.
L eff = L MPa. In the plot, three well-defined lines are drawn viz.
• Yield stress line (σ y = 11.2 MPa) taken as the design crushing value,
• Euler's curve for σ cr , which is the elastic stability limit from equation 3.
• A curve for σ f drawn using Rankine's formula 
where σ y is yield stress of the material and σ cr is the elastic critical stress as calculated by equation 3, leading to an estimate of the combined failure stress σ f .
HYPOTHESIS ARISING FROM THE STUDY OF CASE HISTORIES
The study of the case histories seems to show a dependence of pile performance on buckling parameters. As short columns fail in crushing and long columns in buckling, the analysis suggests that pile failure in liquefied soils is similar in some ways to the failure of long columns in air. The lateral support offered to the pile by the soil prior to the earthquake is removed during liquefaction. This hypothesis is shown in figure 5 and explained below.
During earthquakes, soil layers overlying the bedrock are subjected to seismic excitation consisting of numerous incident waves, namely shear (S) waves, dilatational or pressure (P) waves, and surface (Rayleigh and Love) waves which result in ground motion. The ground motion at a site will depend on the stiffness characteristics of the layers of soil overlying the bedrock. This motion will also affect a piled structure. As the seismic waves arrive in the soil surrounding the pile, the soil layers will tend to deform. This seismically deforming soil will try to move the piles and the embedded pile-cap with it. Subsequently, depending upon the rigidity of the superstructure and the pile-cap, the superstructure may also move with the foundation.
The pile may thus experience two distinct phases of initial soil-structure interaction.
1. Before the superstructure starts oscillating, the piles may be forced to follow the soil motion, depending on the flexural rigidity (EI) of the pile. Here the soil and pile may take part in kinematic interplay and the motion of the pile may differ substantially from the free field motion. This may induce bending moments in the pile.
2. As the superstructure starts to oscillate, inertial forces are generated. These In loose saturated sandy soil, as the shaking continues, pore pressure will build up and the soil will start to liquefy. With the onset of liquefaction, an end-bearing pile passing through liquefiable soil will experience distinct changes in its stress state.
• The pile will start to lose its shaft resistance in the liquefied layer and shed axial loads downwards to mobilise additional base resistance. If the base capacity is exceeded, settlement failure will occur.
• The liquefied soil will begin to lose its stiffness so that the pile acts as an unsupported column as shown in figure 5(c). Piles that have a high slenderness ratio will then be prone to axial instability, and buckling failure may occur in the pile, enhanced by the actions of lateral disturbing forces and also by the deterioration of bending stiffness due to the onset of plastic yielding. showing the basic principle of the experiments is shown in figure 6 . A block of brass fixed at the pile head as shown in figure 7 is used to simulate the axial load in the pile in all the tests. With the increase in centrifugal acceleration to N-g, the brass weight imposes increasing axial force in the pile as shown in figure 6 . One problem of using a brass weight is the action of Earth's gravity by which the resultant load acting on a radial pile is not purely axial. At lower g-levels especially, the soil may not gain enough confining pressure to prevent the pile deflecting under disproportionately large lateral forces, and the experiment may therefore begin by inducing an initial imperfection. stating the parameters involved. It may be noted that through the sequence of tests the above-mentioned loading effects were successfully decoupled. In test SB-02, all three effects were present while in test SB-04 only the effect of axial load was studied. The effect of 1-g was countered in tests SB-03, SB-04 and SB-05 by fixing the bottom of the pile in a wedge at a slope 1 in 50 as shown in figure 7 . This corrects the imperfection in simulated gravity and imposes a purely axial load in the pile at 50-g.
In test SB-04, a specially designed frame was used to restrain the head mass against inertial action as shown in figure 9 . Thus the pile is only allowed to move in a transverse direction orthogonal to the direction of shaking. Also, while the wedge corrects the 1-g effect at 50-g, at lower g levels the load acting is still not purely axial.
So as to avoid premature failure while the g-level is being increased, a retractable pneumatic piston was used to hold the head mass temporarily. The pressure in the piston was released when the package reached 50-g and the pile remained stable.
Lateral shaking was then imparted to the model. Test SB-04 was repeated as SB-05, but without soil. Therefore, the various influences on pile behaviour could be distinguished.
Fraction E silica sand prepared to a relative density of 45% was used for each model. Table 4 shows the properties of the sand. To have a consistent scaling law for time in inertial problems featuring pore pressure generation and dissipation, the viscosity of the pore fluid must be scaled up. Silicone oil was used, having a viscosity 50 times that of water.
Miniature instruments such as pore pressure transducers (PPT) and accelerometers (ACC) were buried in the model to obtain the soil response. An earthquake of 0.5 to 0.9 sec duration, 50 Hz frequency, and of lateral intensity 5g, was fired in the tests, which would correspond to 25 sec to 45 sec duration of a 1 Hz frequency earthquake of peak bedrock acceleration 0.1g at prototype scale. 
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An alternative mechanism of pile failure in liquefiable deposits during earthquakes. In all the tests the models were fully prepared at 1-g, thus pile installation effects were not considered. The piles were fixed in place in the ESB box and sand was poured uniformly in layers by air-pluviation from an overhead hopper. After the completion of sand pouring, the model was fully saturated by silicone oil. The pile head masses were so designed that the axial loads applied to the piles at 50-g were arranged around Euler's elastic critical load (P cr ) assuming the pile to be a long column with the liquefied soil offering no support.
TESTS RESULTS AND ANALYSIS

Overall pile performance
The summary of the performance of the 9 piles in tests SB-02, SB-03 and SB-04 is shown in and SB-04 all piles which should have failed did fail, whereas the piles in SB-03
should not have failed according to the buckling criterion, and did not fail. Pile failure in SB-02 cannot be positively attributed to the effects of axial load since lateral loads were also applied, whereas in test SB-04 the load was purely axial at failure. It can be concluded that tests SB-03 and SB-04 support the hypothesis of pile failure occurring for P/P cr ≥ 1. Figure 10 shows the slenderness ratio of the pile plotted against the mean axial stress. In the figure the yield stress line, Euler's elastic instability curve and Rankine's combined buckling curve are plotted. The graph has a close resemblance with the observed case histories of pile foundation performance during past earthquakes, as shown in figure 4. 
Replication of mechanism
Effect of axial load on pile foundation.
The present paper is intended to improve understanding of the effects of axial load on a pile during soil liquefaction and hence experiments SB-04 and SB-05 need to be discussed in more detail. It may be noted that no inertia force was acting on the pile head in the direction of buckling in tests SB-04 and SB-05 and hence the test results are the effects of axial load alone. Figure 12 (a) shows pile 7 partially revealed after the test during and figure 12 (b) shows the pile after excavation was complete. In test SB-05, an identical pile was tested in the absence of soil and figure 12 (c) shows that pile after the test. Similar forms of buckling are shown in figure 13 for pile 8, and thus we can conclude that this observation is repeatable.
In both tests, the piles buckled in the transverse direction, i.e. orthogonal to the direction of shaking. In test SB-04 the hinge formed about one third the way down the liquefiable soil whereas in test SB-05 the hinge formed at the bottom third of the pile in air. Figure 14 shows the instrumentation layout with pore pressure transducer locations surrounding pile 8 and also in the free field. Figure 15 shows the free field traces of excess pore pressure. It may be noted that as the shaking starts the pore pressure rises in the soil starting from top and proceeding downwards. In every case, at a time of about 0.5 seconds in the history, or about 0.25 s after shaking started, the excess pore pressures δu in the free field reach a plateau. Figure 15 shows that in each case the plateau corresponds well with an estimate of the pre-existing effective vertical stress at the corresponding elevation, suggesting that σ′ v had fallen to zero. Between 0.5 s and 1.0 s in figure 15 , the pile will have lost all lateral effective stress in a progressive fashion, top-down. When this advancing front reached a critical depth H c given by equation 5, the pile would have become elastically unstable following equation 2.
This instability will cause the pile to begin to move slowly sideways, pushing the soil.
At the same time, the front of zero effective stress continues to advance swiftly downwards until the whole length of the pile is unsupported by the soil grains.
Resistance of liquefied soil
It is interesting to note the difference in mode shape of the piles in tests SB-04 in saturated sand and SB-05 in air. Figure 16 shows the mode shapes of the buckled pile in the two tests. Curvature being related to bending moment, the tests suggest that the lower part of the "liquefied" soil zone somehow offered resistance to the buckling pile and reduced bending moments in the lower two-thirds of its length. We might conclude that "liquefied" soil cannot prevent the initiation of buckling in an initially straight pile, but that some secondary support then becomes available.
Experimental work has been carried out by Takahashi et al (2002) to study the lateral resistance of piles in a liquefied soil. A pile was modelled as a buried cylinder that could be pushed laterally through "liquefied" soil. The displacement rate of the cylinder varied from 1mm/sec to 100mm/sec. The test results show that the initial resistance to movement is negligible at all rates of loading but that some lateral resistance was then mobilised after a certain amount of displacement. They further conclude that the higher the rate of loading the larger is the resistance. This supports the inference from the reduced curvature at depth in test SB-04 that "liquefied" soil can offer some shear resistance. Soil with σ′ v = 0 is often, and misleadingly, described as being in a state of "liquefaction". As will shortly be demonstrated, the soil may have lost all its effective stress but has retained (or even increased) its original density. It is infinitely over-consolidated, denser than its critical density at its current effective stress level, highly dilatant, and can therefore regenerate considerable shear strength if it is subjected to ongoing undrained shear strains. It must be expected that the imposition of shear strains at low effective stresses in moderately dense soil will lead to an attempt to dilate, suppressed by the need for water to flow into the zone affected, which must then create a local reduction of pore fluid pressure. is not necessary to invoke lateral spreading of the soil, which pushes the pile. This instability depends on the slenderness ratio (L eff /r min ) of the pile exceeding a critical value in the liquefiable region. Once the surrounding soil has its effective stresses eliminated by an earthquake, a susceptible pile starts to buckle in the direction of least elastic stiffness. If the soil around the pile remains liquefied for long enough, the pile will suffer gross deformations and the superstructure will either tilt or deform.
2.
Sufficient information has been obtained from centrifuge models to propose a hypothesis for pile-soil interaction during a buckling event. The buckling pile begins to shear the soil next to it, which will start to offer some temporary lateral resistance. of "liquefaction" due to upward hydraulic gradients, and it is the upper part of the pile which displaces most, and which can fully soften the supporting soil adjacent to it.
The buckling pile will suffer increasing loss of bending stiffness due to plastic yielding, so the restraint necessary to hold it in equilibrium will increase. The imbalance between reducing soil support, increasing bending moment created by lateral displacement of the pile cap, and deteriorating bending stiffness of the pile, inevitably leads to the formation of a relatively shallow plastic hinge or fracture, presaging dynamic collapse.
3.
When saturated sand is shaken, its vertical effective stress can drop to zero as its pore pressure rises. This is sometimes spoken of as "liquefaction" and inverted commas have been used throughout the paper to indicate this sense of the word. But in both common speech, and in science, to liquefy means to transform to a liquid, and the defining characteristic of a liquid is that it does not offer any significant resistance to flow. In solid mechanics, flowing is shearing. So a liquefied soil would require no significant shear stress to produce large shear strains. The initial achievement of σ′ v = 0 in sand should therefore be spoken of as suspension, not liquefaction, since it is acknowledged that only super-loose sands (with an initial voids ratio exceeding e max as conventionally determined) loose their undrained shear resistance completely.
4.
Evidently, interlocking in a suspension of recently shaken sand grains with a relative density of 45% could provide enough shear resistance to prevent the development of the full-height buckle observed when a similar pile was tested in air.
This resistance of a suspension to shearing has been shown to be due to suppressed dilation following interlocking. Pore pressures fall, and effective stresses rise, in zones where the suspension is shearing. Correspondingly, this resistance is temporary as fluid drains into the shear zone from the suspension below. If the upward flow of water from below is maintained for long enough, the shearing suspension will dilate sufficiently for the grains to loose all their capacity to interlock. The fully sheared, fully dilated, fully softened, suspension will then have reached a critical state at zero effective stress and high voids ratio. It may then properly be described as liquefied.
Liquefaction of sands therefore requires a source of water (from a suspension below the point of inspection), and a mechanism for mixing (i.e. shearing) excess water with the sand so as locally to exceed the critical voids ratio at zero effective stress, circa e max .
5.
After an earthquake, foundations on or in suspended sands will inevitably settle, together with the ground surface, as pore pressures dissipate but they should not suffer gross shear. If a zone of soil in contact with the foundation can liquefy, however, the foundation can cause unlimited soil shearing and the superstructure may collapse. Fear of soil liquefaction has been engrained in geotechnical engineers for two generations. A significant step forwards would be a moratorium on the use of "liquefaction" to describe any soil state than that of a heavy liquid. Effective length (L eff ) 38m Slenderness ratio 181 From the buckled shape (shown as original position in figure 19 (b) ), it is clear that the pile had fixed-free boundary condition. 
BUCKLING LOAD OF PILE = 1095kN
